Summary Network meta-analysis techniques (meta-analysis, adjusted indirect comparison, and mixed treatment comparison [MTC]) allow for treatment comparisons in the absence of head-to-head trials. In this study, conditional estimates of relative treatment efficacy derived through these techniques show important differences in the fracture risk reduction profiles of marketed pharmacologic therapies for postmenopausal osteoporosis.
Introduction This study illustrates how network metaanalysis techniques (meta-analysis, adjusted indirect comparison, and MTC) can provide comparisons of the relative efficacy of postmenopausal osteoporosis therapies in the absence of comprehensive head-to-head trials. Methods Source articles were identified in MEDLINE; EMBASE; Cochrane Central Register of Controlled Trials (CENTRAL) via Wiley Interscience; and Cumulative Index to Nursing and Allied Health Literature (CINAHL) between April 28, 2009 and November 4, 2009. Two reviewers identified English-language articles reporting randomized controlled trials (RCTs) with on-label dosing of marketed osteoporosis agents and fracture endpoints. Trial design, population characteristics, intervention and comparator, fracture outcomes, and adverse events were abstracted for analysis. Primary analyses included data from RCTs with fracture endpoints. Sensitivity analyses also included studies with fractures reported through adverse event reports. Metaanalysis compared fracture outcomes for pharmacological therapies vs. placebo (fixed and random effects models); adjusted indirect comparisons and MTC assessed fracture risk in postmenopausal women treated with denosumab vs. other agents. Results Using data from 34 studies, random effects metaanalysis showed that all agents except etidronate significantly reduced the risk of new vertebral fractures compared with placebo; denosumab, risedronate, and zoledronic acid significantly reduced the risk for nonvertebral and hip fracture, while alendronate, strontium ranelate, and teriparatide significantly reduced the risk for nonvertebral fractures. MTC showed denosumab to be more effective than strontium ranelate, raloxifene, alendronate, and risedronate in preventing new vertebral fractures. Conclusions The conditional estimates of relative treatment efficacy indicate that there are important differences in fracture risk reduction profiles for marketed pharmacological therapies for postmenopausal osteoporosis.
Introduction
In randomized controlled trials (RCTs), treatments for osteoporosis in postmenopausal women have demonstrated the level of efficacy required to obtain regulatory approval [1, 2] . In this population, fracture risk reduction was demonstrated primarily in placebo-controlled trials, and head-tohead comparisons are rare. Osteoporosis trials may also use surrogate markers, such as bone mineral density (BMD) or biochemical markers of bone turnover. These markers are not appropriate for comparing treatment-related fracture reductions across agents, since the relationship between changes in surrogate markers and antifracture effect is different for each agent and fracture location [3, 4] . Thus, it is not possible to compare the fracture reduction value of a new agent, such as denosumab, to other available therapies directly from published study results or product labeling.
Network meta-analysis techniques can be used to estimate differences in fracture risk reduction between treatments and classes of treatment in the absence of head-tohead RCTs. With this approach, treatments are linked in a network of trials through common comparators [5, 6] . In the current study, meta-analysis, adjusted indirect comparison, and mixed treatment comparison (MTC) techniques were used to assess the relative efficacy of denosumab and other osteoporosis therapies to reduce fractures in postmenopausal women.
Material and methods
The study was conducted in three phases: a systematic review to identify relevant RCTs; a meta-analysis comparing fracture outcomes for pharmacologic osteoporosis therapies vs. placebo using fixed and random effects models; and the use of adjusted indirect comparisons and MTC methods to assess the risk of fracture in postmenopausal women treated with denosumab vs. patients receiving other osteoporosis therapies.
Data sources and searches
The evidence review for osteoporosis agents developed by the National Collaborating Centre for Nursing and Supportive Care (NCCNSC) and published on the National Institute for Health and Clinical Excellence (NICE) website (http:// www.nice.org.uk) in 2008 was the basis for the systematic review. Search criteria and strings from the NCCNSC review, with the addition of denosumab and bazedoxifene which were approved in the interim, were used to update the original literature review with articles published through November 4, 2009.
The agents included in both the NCCNSC review and in our study were alendronate, risedronate, ibandronate, zoledronic acid, etidronate, strontium ranelate, teriparatide, and raloxifene. Calcitonin, hormone replacement therapy, calcium and/or vitamin D, mineral supplements, nandrolone, and combination therapy were included in the NCCNSC review, but were excluded from our review. Since bazedoxifene and lasofoxifene were not marketed in the UK or a number of other European countries at the time of our analysis, they were not evaluated in the analyses.
Searches 
Study selection
The primary systematic review identified English-language articles reporting results from RCTs evaluating the impact of the osteoporosis agents listed above on mixed trauma (excluding major trauma) and nontraumatic fracture among individuals at risk of osteoporotic fractures, with/without previous fracture, including patients with osteoporosis, osteopenia, or normal BMD, and those with glucocorticoid-induced osteoporosis. Studies with BMD endpoints that reported fractures only as adverse events were also included. The search excluded studies of individuals with elevated fracture risk due to other underlying conditions; dose finding and formulation studies without a placebo or an active control arm; in vitro studies, in vivo studies, and quasirandomized studies; studies with fewer than 10 patients in each arm; and studies with <12 months of follow-up after the intervention. Review articles and editorials were also excluded. This strategy resulted in the inclusion of all the pivotal trials for each drug of interest.
Secondary selection of studies to be included in the metaanalysis, adjusted indirect comparison, and MTC was conducted after the primary systematic review. This process identified articles reporting raw fracture data for blinded RCTs of oral and intravenous (IV) bisphosphonates, strontium ranelate, raloxifene, teriparatide, and denosumab in postmenopausal women meeting the World Health Organization criteria for osteoporosis as part or all of the trial population [7] . Data were obtained for new radiologically identified vertebral, clinical vertebral, nonvertebral, hip, and wrist fractures. Only trials examining on-label dosing with a single agent for postmenopausal osteoporosis as defined by the British National Formulary and European Medicines Agency were included with one exception; trials comparing ibandronate 2.5 mg/day against placebo were included, which is consistent with the NCCNSC methodology. Open-label trials and abstract-only publications were excluded. Additional details of the study selection process and the yield at each step are provided in Fig. 1 .
Data extraction and quality assessment
The primary and secondary selection of citations, as described above, was conducted by a team of skilled researchers with expertise in all aspects of systematic reviews, including information processing, extraction, and analysis. Data extracted from the final set of included studies were assessed independently by two reviewers (HR, MG), with discussion between the two reviewers to resolve any discrepancies. The full text of all references that met initial inclusion based on the title and abstract were screened further. Data on study design, including the intervention and comparator; characteristics of study patients, including mean age, percent with prevalent vertebral fracture, and mean BMD at the femoral neck or hip; intent-totreat sample sizes; analysis sample sizes; number of fracture events in the treatment and control arms; fracture endpoint (primary or adverse event); vertebral fracture definition used (20 % change in vertebral height, 15 % change, or undefined); and follow-up time were abstracted from qualifying studies. All RCTs were scored for quality using the Jadad method [8] , with scores determined by the presence of three key items considered directly related to bias reduction: randomization, blinding, and description of withdrawals and dropouts.
Data synthesis and statistical analysis
Primary analyses used data from RCTs with fracture endpoints. Sensitivity analyses also included studies in which fractures were only reported through adverse event reports. Network diagrams were constructed to display the network of available evidence. Direct comparisons for each active treatment with placebo were obtained by pooling similar studies using meta-analysis with the inverse variance of each study as the weight. An unconditional maximum likelihood fixed effects model and random effects model using method of moments were performed with the relative risks (RR) based on the raw events for the number of patients with a fracture during the follow-up period [9, 10] . Cochran's Q test and the I 2 statistic were used to assess heterogeneity. A continuity correction for zero fracture events was applied by adding 0.5 to the fracture count in both arms. Trials with zero events in both arms were excluded from the analyses. Analyses were carried out within SAS v9.1 (SAS Institute Inc., Cary, NC, USA).
Adjusted indirect comparisons were performed using the approach of Bucher et al. [5] adapted to use RR as the measure of treatment effect. The indirect estimates of denosumab vs. each active comparator were adjusted according to the results of their direct comparisons with a common control (i.e., placebo) from the fixed effect and random effects meta-analysis.
The MTC incorporated all available evidence by combining data from direct and indirect comparisons. A Bayesian approach was taken using the methodology outlined by Ades et al. [11] adapted to use RR as the measure of treatment effect with noninformative uniform priors used. The analyses were performed with WinBUGs 1.4 (MRC Biostatistics Unit Cambridge, Cambridge, UK). Comparisons of active treatment with placebo and denosumab with each active comparator were estimated.
Subgroup analyses were not performed because of limited data obtained in the systematic review. We used metaregression techniques to investigate the relationship between the trial-level covariates and trial-level placebo fracture rate, risk difference, and RR for all trials in the analysis set since the characteristics of the study populations, fracture definitions, and other study-level variables may introduce bias by acting as effect modifiers for the treatment effect.
Results
The results of the primary systematic review identified 211 studies matching the NCCNSC search criteria. Of these, 34 studies met our criteria and were deemed to be adequately similar in terms of patient population and endpoints for inclusion in the meta-analysis and MTC of the efficacy of osteoporosis therapies in reducing fractures in postmenopausal women. Data from 21 studies were included in the primary analysis, and all 34 studies were used for sensitivity analysis. Key elements of these studies and network diagrams of the available evidence are summarized in Online Resource Table S1 and Figs. S1-S10. Direct comparisons for each active comparator with placebo from the random effects meta-analysis showed that all agents demonstrated statistically significant reductions in the risk of new vertebral fractures, except etidronate (Table 1) . Denosumab, risedronate, and zoledronic acid also showed statistically significant reductions for nonvertebral and hip fractures compared with placebo, while alendronate, strontium ranelate, and teriparatide only showed statistically significant differences vs. placebo for nonvertebral fractures.
In the MTC of each active comparator with placebo, the RR for new vertebral fractures were consistent with those obtained directly from the meta-analyses (Table 1) . For the other fracture types, the credible intervals of the RR from the MTC were wider than the confidence intervals obtained in the direct comparisons, reflecting extra binomial variability in the data set (systematic differences in the populations included in different trials). The only treatments that showed a reduction in nonvertebral fracture risk were teriparatide and risedronate. The most recently approved agent for postmenopausal osteoporosis, denosumab, was compared with other approved agents and was more effective than strontium ranelate (P(RR<1)0100 %), raloxifene (P(RR<1)0 100 %), alendronate (P(RR<1)099 %), and risedronate (P (RR<1)099 %) in preventing new vertebral fractures. In these four comparisons, the point estimates for the RR ranged from 0.56 for alendronate to 0.45 for strontium ranelate. These results were consistent with those obtained in adjusted indirect comparisons (Table 1) .
In the MTC comparing denosumab to three categories of bisphosphonate (IV, oral, and oral/IV), the only statistically significant difference was for new vertebral fractures where denosumab was associated with an RR of 0.56 (95 % CI0 0.37, 0.82) compared with bisphosphonates (Table 1 ). In the adjusted indirect comparisons, denosumab was shown to be more effective than oral bisphosphonates and oral/IV bisphosphonates ( Table 1) .
The results of the sensitivity analyses, which also included studies that reported fractures only through adverse event reports, are provided in the Online Resource Table S2 . For the direct comparisons, all statistically significant differences remained significant. The hip fracture risk reduction for alendronate compared with placebo was also statistically significant. For the adjusted indirect comparison and MTC, all statistically significant differences observed in the primary analyses were still significant in the sensitivity analyses. The wrist fracture risk reduction for denosumab compared with etidronate was also statistically significant in the MTC. Overall, the results of the sensitivity analyses were in line with the primary analyses, although differences were observed in the level of heterogeneity and size of relative treatment effect.
Discussion
In general, clinical practice guidelines use the best available published evidence (RCTs and meta-analysis of high-quality RCTs) on treatment efficacy and safety to inform clinical decision making [12] . This suggests that the most appropriate method to assess the comparative efficacy of pharmacologic therapies would be to run an RCT that includes all agents approved for a particular clinical indication [13] . Unfortunately, this type of trial is rarely undertaken and would be prohibitively expensive and difficult to execute [14, 15] . The lack of data on direct comparisons of multiple agents in a given therapeutic area complicates policy and clinical decision making and highlights the need for other sources of comparative information. Our study was undertaken to illustrate how adjusted indirect comparisons and MTC can be used to help fill this information gap and, in our case, to compare fracture reduction efficacy for the most frequently used pharmacologic osteoporosis agents by combining published RCT results.
In reviewing these results, it is important to note that, while helpful, network meta-analysis methods are no substitute for landmark RCTs asking the relevant question [6] . However, in the absence of such trials, they may represent the best available comparison of the relative (conditional) evidence of the treatment effects of agents.
Network meta-analysis has been used previously to compare the efficacy of bisphosphonates in the prevention of vertebral fractures [16] . However, our study is the first, to our knowledge, to include all key osteoporotic fracture locations and pharmacologic agents from multiple therapeutic classes, including bisphosphonates, a selective estrogen receptor modulator, a full-length or peptide derivative of parathyroid hormone, strontium ranelate, and a RANKL inhibitor. Results from our meta-analysis indicate that all therapies assessed demonstrated statistically significant The heterogeneity of the underlying data in class-level comparisons (i.e., denosumab vs. oral, IV, and oral/IV bisphosphonates) likely led to wide confidence intervals and fewer statistically significant results for those comparisons. An earlier MTC analyzed data from seven RCTs with over 20,000 postmenopausal patients and found that zoledronic acid provided greater risk reduction for vertebral fractures than ibandronate, alendronate, or risedronate [16] . Specifically, in that study, a fixed effects model comparing zoledronic acid with the other agents resulted in the following odds ratios for vertebral fractures (95 % credible intervals): for ibandronate, 0.57 (0.36, 0.92); for alendronate, 0.54 (0.39, 0.75); and for risedronate, 0.49 (0.34, 0.69). A random effects model reported in the same paper produced similar point estimates, although the credibility intervals all included 1, describing considerable uncertainty as to the true effects of treatment.
As the results from our study show, adjusted indirect comparisons and MTC provide a method of estimating the conditional relative treatment efficacy of one agent vs. another in the absence of head-to-head trials. These analytic approaches are particularly useful in osteoporosis, where the treatment options have increased significantly over the last decade and will likely continue to expand [17, 18] . While effective treatments offer potential clinical benefit to patients, their availability also means that it is no longer ethical to conduct a placebo-controlled study in a high-risk population. These placebo-arm studies can be conducted in patients with low risk only, i.e., patients with a low incidence of fracture, which dramatically increases the sample size required to adequately assess fracture efficacy and the cost of the trial.
Osteoporosis therapies differ in terms of safety profiles, mechanisms of action, dosing, dosing frequency, modes of administration (oral, IV infusion, subcutaneous injections), and efficacy across fracture locations, yet it is rare for multiple active comparators to be included in a single fracture trial [19] . This is due in part to the regulatory process, which favors placebo-controlled trials in appropriate populations in order to obtain an accurate safety profile and in part to cost and sample size constraints, since a comparative study of fracture incidence for multiple active agents would require a large number of patients. Indeed, over 100,000 patients would need to be randomized between two active treatments to have 90 % power (1−β) to find a 10 % RR reduction statistically significant at a conventional twosided α of 5 %, presuming a cumulative fracture rate of 3.5 % in the comparator therapy. In addition, given the lengthy follow-up required for a study of this type (10 years or longer), it is possible that a study may become irrelevant before the trial is completed. Not surprisingly, sponsors are generally unwilling and unable to afford this investment of time or money.
The issues of large sample sizes and long follow-up required for fracture endpoints are amplified with multiple treatment arms, making it unlikely that an all-inclusive head-to-head trial will be conducted. For the reasons described above, the therapeutic area of osteoporosis provides a ready example to illustrate the value of MTC and other similar statistical approaches for providing important comparative assessments. These techniques may offer similar value in any number of other therapeutic areas where multiple competing treatment options exist and there is a lack of direct comparisons across the available agents. These comparisons can provide important information to support clinical, reimbursement, and policy decisions.
There are important considerations that may impact each phase of a network meta-analysis. Even though it is based on the results of RCTs, the MTC approach may be considered observational or quasirandomized since it provides conditional estimates of treatment effects across a network of linked trials, with inference made using nonrandomized between-trial information through the link of a common comparator [13] . The heterogeneity of the study populations included in published RCTs also presents a methodological challenge for MTCs. Issues such as differences in disease severity between trial populations, for example, lead to overdispersion (extra binomial variability) where clustering of patient characteristics in different trials means that each individual patient may not be considered independent. This phenomenon is addressed using the mixed effects model, which can lead to wide confidence intervals. Thus, estimation across the network can result in wider confidence intervals for treatments than those estimated in individual trials.
The results of the metaregression to assess potential bias and to evaluate the validity of our key assumptions of homogeneity/similarity indicated that, although study-level covariates may have influenced individual trial event rates within a treatment group, they did not influence trial-level RR between treatment groups. The RRs appeared to be invariant to mean age, mean BMD, and proportion of patients with a prevalent vertebral fracture at baseline. In addition, less heterogeneity was observed within the RR meta-analyses than within the risk difference meta-analyses, enhancing the applicability of the exchangeability assumption required for indirect comparisons. Therefore, RRs were deemed a robust outcome measure and used in the primary analyses. Sensitivity analyses were also conducted to assess the influence of specific RCTs and to investigate further trials that were excluded from the primary analyses. All statistically significant results remained significant in sensitivity analyses for the direct comparisons, as well as the indirect comparisons and MTC.
Another consideration in assessing the results of a network meta-analysis is the selection of comparator agents. In our study, for example, etidronate was included as its use is reimbursable under the NICE guidelines and it was included in the NCCNSC review, which served as the starting point for data collection for our study. While the efficacy data are not particularly strong for this agent, excluding it from analysis would introduce bias through the exclusion of neutral results. In the absence of trials of IV ibandronate, inference on this treatment was made from trials of oral ibandronate therapy. This provides some challenges as IV administration may independently confer advantages over oral administration, even for the same therapeutic agent. However, such advantages would need to be confirmed and weighed against potential complications (e.g., difficulties with port installation or injection site reactions) in appropriately designed outcome trials to justify modifying our assumptions and analytic approach.
The consistency of results obtained from the adjusted indirect comparison and the MTC highlights the robustness of these two methodologies. It is important to note, however, that differences in the design, outcome measurement, and populations included in the underlying studies must be carefully considered in interpreting the results of these analyses. Between-trial heterogeneity, as assessed by the Cochran's Q test and I 2 statistic from the meta-analysis, was observed for some fracture endpoints and comparators, although it is well recognized that these statistics are limited in their ability to assess heterogeneity due to low statistical power [20] . The meta-analysis and MTC employed an appropriate method (i.e., random effects model), which assumes that differences in treatment effect exist between studies and that individual study results are exchangeable. The exchangeability assumption assumes that the effect of any given treatment included in the model should be exchangeable across the other trials included in the analyses; however, the strength of the exchangeability assumption is difficult to assess and quantify [14] . Limited amounts of heterogeneity among trials and estimates were observed, indicating no major departure from the exchangeability assumption.
The study is limited as a complete data set of all fracture endpoints for all comparators was not available. In particular, no on-label ibandronate trials were identified and it was necessary to include an off-label dose (ibandronate 2.5 mg/day) in the primary analysis for completeness. In addition, trials that had zero events in both arms were excluded from the analyses, albeit such trials include little statistical information. Only a small number of trials were excluded for this reason, and the exclusion of these studies does not detract from the overall estimates from these analyses.
The results of our study reflect real-life effectiveness, provided that the risk of fracture and adherence and persistence to therapy were similar to the original RCTs. The trial setting differs substantially from usual care, and it is unlikely that the population of patients using osteoporosis therapies outside an RCT will achieve the efficacy levels that were reached under the optimal and artificial conditions maintained within the RCT. Real-world effectiveness can be improved by considering efficacy and side effect profiles, in conjunction with patient preference, comorbidities, potential barriers to adherence, and cost of therapy in the selection of the most appropriate therapy for each patient [5, 21] .
Conclusions
Our study indicates differences in fracture risk reduction profiles for the available pharmacologic therapies for postmenopausal osteoporosis and provides results that may assist therapy choice.
